Mechanical milling (MM) treatment of metallic powder is suitable for fabricating nano-crystallized materials, because milling action by steel balls enables to give a huge amount of strain with multi-directional plastic deformation to powder particles. In this study, effect of carbon on the grain refining behavior during MM treatment was investigated in high purity iron material and Fe-C materials. The powder used in this study is electrolytic pure (9 ppmC) iron and cementite (6.2 mass%C) powder particles. The powders are mixed to set the chemical composition to be Fe-(0-2)mass%C. The mixed powder is subjected to MM treatment for various times (3.6-360 ks) and then microstructure was examined by means of X-ray diffractometry, TEM observation. With MM treatment, cementite decomposes into ferrite matrix and ferritic single structure is obtained after 360 ks MM treatment. On the other hand, microstructure of ferrite develops from dislocation cells structure to fine-grained structure through dynamic continuous recrystallization (DCR). The grain size is reduced gradually with MM treatment. However the grain size after reaching steady state is different between high purity iron and Fe-C materials. The grain size after 360 ks MM treatment decreases with increasing carbon content, and nano-crystallized structure with about 15 nm grain size was obtained in the Fe-0.8 mass%C. This indicates that carbon addition enhances grain refining and is necessary for nano-crystallization by severe plastic deformation. Considering the interaction between carbon atoms and dislocations, carbon addition would assist the increment of stored dislocations which contributes to DCR. This results in the effectiveness for the formation of nano-crystallized structure in carbon added iron.
Introduction
Severe plastic deformation is a useful method to obtain ultra fine-grained structure in metallic materials and it has been recently realized that technique of multi-directional deformation is also important for the formation of ultra finegrained structure. 1) From this viewpoint, mechanical milling (MM) of metallic powder is suitable for nano-crystallization, because milling action by balls enables to give a huge amount of strain with multi-directional plastic deformation to powder particles. We have investigated grain refining behavior in many kinds of alloy powders such as Fe ), Fe-C, 5, 6) Fe-Cr-C 7) and Fe-Cr-Y 2 O 3 , 8) and obtained nano-grained structure in the materials through MM treatment.
On the other hand, the impurity as carbon or oxygen would affect the microstructural change during deformation in steel. Since carbon atoms interact with dislocations and would decrease the velocity of the dislocation movement, the dislocation density should become easy to be increased by carbon addition. However, the effect of impurities on the behavior of nano-crystallization has never been investigated so far.
In this study, microstructural change during MM treatment was studied in detail by means of TEM observation in high purity iron powder and Fe-C alloy powder mixtures, and then the effect of impurity (carbon) on the grain refining behavior was discussed in terms of dislocation theory.
Experimental Procedures
The powder used in this study is high purity iron (electrolytic pure iron) and cementite powder particles. Table 1 shows chemical composition of the powders. The cementite powder has a composition of 6.2 mass%C and this means that a small amount of ferrite (about 7 vol%) is contained in the cementite powder. Figure 1 represents optical micrograph (OM image) of the pure iron powder and scanning electron micrograph (SEM image) of the cementite powder. Particle sizes of pure iron powder and cementite powder are about 100 mm and 2 mm, respectively. The ferrite grain size of the pure iron powder is about 20 mm.
These powders are mixed to set the chemical composition to be Fe-(0-2)mass%C. The mixed powders were put into a stainless steel pot with steel balls (SUJ2) and then MMtreated for various times in an argon gas atmosphere. MM treatment was performed by using a planetary ball mill apparatus (ball/powder ratio:20).
Microstructure of MM-treated powder was examined by means of X-ray diffractometry, microstructural observation with OM, SEM or TEM and DSC analysis. Hardness testing was carried out at the center of powder particles using micro Vickers hardness testing machine with the load at 0.245 N.
Crystallite size and local strain are measured by HallWilliamsons method (eq. 1) using X-ray diffractometry. 
Where is half-peak width, is wavelength of CoK (=0.1788965 nm), D hlk is crystallite size and " hkl is local strain. It is known that the crystallite size given by this equation corresponds to the minimum cellar size in microstructure such as grain size, sometimes dislocation cell size or subgrain size. The local strain is derived from elastic strain obtained from defects such as dislocation and grain boundary. Figure 2 represents OM images of pure iron material MMtreated for various times. The indentations are also represented in the powder particles. Hardness of the material becomes higher with increasing milling time. In the 3.6 ks MM-treated powder, there is difference in hardness within each powder particle, but this becomes small during MM treatment. This indicates that powder particle is deformed uniformly even after the long MM treatment time of 360 ks. Figure 3 shows change in hardness during MM treatment in the pure iron material together hardness of a 98% cold-rolled iron sheet for reference. Hardness of the material rapidly increases in the initial stage of MM treatment and it reaches about 3 GPa in the 10.8 ks MM material. After MM treatment for 36 ks, however, it levels off at about 5.5 GPa. Figure 4 shows changes in crystallite size and local strain during MM treatment in the pure iron material. The crystallite size is around 80 nm in the initial stage of MM treatment. This would correspond to the size of dislocation cells. The size decreases gradually with increasing milling time to the size of 60 nm. With the change in the crystallite size, the local strain increases with increasing milling time and it levels off at 0.6% at the later stage of the treatment. On the other hand, dislocation density can be estimated from the obtained local strain with an equation expressed as follows.
Results

Microstructural change in pure iron material during MM treatment
10)
Where K is a constant (=14.4). 10) According to BaileyHirsh equation, the increment in hardness due to dislocations can be estimated, as follows.
ÁHv ; Á3 ¼ 3Gb 
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Where Á is an increment of yield stress by dislocation strengthening. is a constant (=0.5). 11) Hardness is assumed to be corresponds to the yield stress multiplied by a factor of three.
11) Figure 5 shows comparison of hardness change with milling time between experimental results ( Fig. 3) and calculated results by eq. (3) in the pure iron material. In the initial stage, both results exhibit similar hardness value, which means that the strengthening mechanism of the pure iron material is explained by dislocation hardening. However, after MM treatment more than 10.8 ks, the experimentally measured hardness becomes much higher than the calculated hardness. This suggests that grain refinement strengthening raises hardness in the longer MM-treated material. Figure 6 shows TEM images of the pure iron material MMtreated for various times. In the 3.6 ks MM material (1), microstructure is characterized by typical dislocation cell structure formed through conventional plastic deformation. The diffraction pattern taken from the area of 1.5 mm in diameter (1-b) indicates that misorientation existing within the observed area is small. The misorientation becomes larger by a longer MM treatment of 10.8 ks (2-b), and isolated fine ferrite grains with the size of about 500 nm are formed as shown in the dark field image (2-c). The grain is formed by cyclic forging through MM treatment and this suggests that dynamic continuous recrystallization (DCR) 6, 12) occurs during the treatment. After 36 ks MM treatment, Debye-Scherrer rings can be observed in the diffraction pattern (3-b), indicating that a lot of fine grains are formed in this area (1.5 mm in diameter). The dark field images (3-c) show that microstructure consists of fine ferrite grains with the size of about 200 nm. The microstructure is quite similar between the 36 ks (3) and the 360 ks (4) MM-treated materials, which suggests that microstructural evolution on grain refining reaches a steady state in the later stage of MM treatment. This microstructural evolution well corresponds to the hardening behavior shown in Fig. 3 . It is also found that the grain refining is limited to submicron order in the case using high purity iron (carbon content after 360 ks MM is about 0.02 mass%).
3.2 Effect of carbon on microstructural evolution during MM treatment It has been recently reported that cementite in steel decomposes during severe plastic deformation. 5) Since the dissolved carbon would precipitate again as cementite if the material is annealed, the decomposition behavior during MM treatment can be investigated by DSC analysis for as-MMtreated materials. Figure 7 shows DSC curves obtained during heating at 0.3 K/s in Fe-0.8 mass%C material MMtreated for various times. There are exothermic reactions at around 600 K in the 108 ks and 360 ks MM-treated materials. It was confirmed that these exothermic reactions come from the reaction of re-precipitation of cementite by X-ray diffractometry and the amount of exothermic heat in the 360 ks MM-treated material corresponds to the heat released on formation of cementite in martensite with the carbon content of 0.8 mass%. From these results, it is concluded that all of cementite in the Fe-0.8 mass%C material has fully decomposed during MM treatment for 360 ks and carbon has soluted into ferrite matrix. Same phenomenon occurs in Fe-C materials (ferrite and cementite structure) with the carbon content less than 2 mass%.
13) Figure 8 shows changes in hardness during MM treatment in Fe-C materials with different carbon content. Hardness of the Fe-C materials increases with increasing milling time and levels off after long MM treatment over 180 ks. The hardness of 360 ks MM-treated materials increases with increasing carbon content. This suggests that the steady state of microstructural evolution by MM treatment depends on carbon content of the material. Figure 9 represents TEM images of Fe-0.8 mass%C material MM-treated for 36 ks and 360 ks. The microstructure of 36 ks MM-treated material is characterized by fine grained structure with dislocation cells and subgrains. On the other hand, 360 ks MM-treated material has nano-grained structure with the grain size of about 15 nm.
In order to clarify the effect of carbon content on microstructural evolution by MM treatment, Figure 10 shows Effect of Carbon on Nano-Crystallization in Steel during Mechanical Milling TreatmentTEM dark field images of Fe-C materials MM-treated for 360 ks. These images are taken from the (110) ferrite DebyeScherrer ring. Ferrite grain size and subgrain size decrease with increasing carbon content. Grain size distributions in the 360 ks MM-treated Fe-C materials are examined from the TEM dark-field images and shown in Fig. 11 . In the pure iron material, ferrite grain has wide size distribution; particularly the material contains coarse grains with the size of 500 nm or more. The width of size distribution becomes narrow with increasing carbon content. In the Fe-0.8 mass%C material, the fraction of grains with the size less than 20 nm is about 0.9. On the other hand, Fig. 12 shows relation between crystallite size measured by X-ray diffractometry and carbon content in Fe-C materials MM-treated for 360 ks. The crystallite size decreases with increasing carbon content and levels off at around 15 nm in the materials containing more than 0.8 mass%C. TEM observation revealed that the crystallite size in the Fe-0.8 mass%C material well corresponds to the grain size directly measured in the TEM images. Since the crystallite size obtained by X-ray diffractometry gives a minimum cellar size in microstructure, the result means that nano-ferritic grains contain no dislocation cells or subgrains. From these results, it can be concluded that carbon addition is necessary for nano-crystallization caused by severe plastic deformation.
(c) 
Discussions
From the experimental observations, it has been suggested that grain refining during MM treatment proceeded with DCR. Figure 13 is schematic illustration showing change in number of introduced dislocation ( in ; black line) and disappeared dislocation ( dis ; gray line) by one collision between powder and ball. The hatched area lying between these lines corresponds to the net stored energy, which contributes to the grain refining by DCR. The number of introduced dislocation decreases with increasing milling time because powder is hardened by MM treatment. While excess dislocations would disappear during MM treatment through reaction among the dislocation, and the frequency of the reaction would increase with increasing dislocation density. Therefore, when the disappearance rate of dislocation becomes equal to the introduction rate of that owning to the increment of dislocation density, the microstructural Effect of Carbon on Nano-Crystallization in Steel during Mechanical Milling Treatmentevolution reaches the steady state. It is well known that carbon atoms in steel interact with dislocations, thus carbon addition would affect the introduction and the disappearance of dislocation. Considering the dragging effect caused by Cottrell atmosphere, carbon should reduce the mean distance of dislocation movement and this leads to the increment of the number of introduced dislocation ( in ) for one collision. In addition, the dragging effect also suppresses disappearance of dislocation ( dis ). As a result, the stored energy markedly increases in Fe-C material compared with pure iron. This is the main reason for the formation of nano-crystallized structure in carbon added iron.
Conclusions
(1) Hardness of MM-treated material corresponds to the microstructural change: the formation of dislocation cell structure, and the change to a fine-grained structure which depends on the chemical composition to materials. In the case of high purity iron, grain refinement is limited to submicron order even in the material with long MM-treatment. (2) Final microstructure obtained after long MM treatment depends on carbon content and it was found that carbon addition is necessary for nano-crystallization caused by severe plastic deformation. It is suggested that grain refining mechanism of iron through MM treatment is Dynamic Continuous Recrystallization (DCR) and that carbon addition assists the increment of net stored strain energy which can contribute to DCR. The hatched area lying between these lines corresponds to the net stored energy.
